We study the adhesion of liquid droplets to rough surfaces, focusing on how adhesion changes with surface chemistry and roughness. For hydrophobic surfaces ͑equilibrium contact angle e Ͼ 90°͒, although increasing surface roughness augments apparent contact angle, it does not necessarily always reduce adhesion. In a domain defined by roughness and equilibrium contact angle, this study identifies regions where adhesion increases or decreases with increasing roughness. The two regions do not border at e = 90°. It is found that making surfaces with low roughness ratio ͑close to 1͒ does not reduce adhesion unless the surface material is highly hydrophobic ͑ e Ͼ 120°͒. In other words, to reduce adhesion for existing hydrophobic materials ͑90°Ͻ e Ͻ 120°͒, high roughness ratios are needed. Additionally, to reduce adhesion, the geometry of microstructures should be designed such that wetted fraction decreases with increasing roughness ratio. This study is of particular importance for the design of textured superhydrophobic surfaces.
I. INTRODUCTION
Water-repellent properties have been observed in many biological surfaces ͓1-3͔, where water droplets exhibit superhydrophobic and nonsticking behaviors. The hydrophobic and superhydrophobic phenomena have been explained through surface energy minimization considerations ͓4-11͔. Textured surfaces possessing topographies with binary or multiple length scales are found to be one of the major characteristics of superhydrophobic biological surfaces, such as lotus and other plant leaves ͓1,3,9-11͔. Contact angles of water droplets on these natural textured surfaces are larger than the maximum contact angle that can possibly be achieved on any low-energy smooth surfaces ͓13-15͔. Extensive research has been conducted to investigate the correlation between the surface microstructure and its superhydrophobic behavior ͓1,9-12͔. More recently, due to remarkable progress in the field of micro and nanofabrication, there has been significant advances in mimicking the topographies of natural surfaces for generation of superhydrophobic surfaces ͓12,16-22͔. Additional interest and progress in this field have been motivated by promising technological and industrial applications of superhydrophobic surfaces, including development of novel self-cleaning, antisticking, anticontamination, drag resistant and ice-repellant coatings.
Water droplets may stick to surfaces exhibiting strong adhesion or can move easily showing weak adhesion. Typically, water repellent surfaces, where weak adhesion of water droplets to the surface is observed, exhibit large static water contact angles ͓23͔. For superhydrophobic surfaces, contact angles are larger than 150°. However, this observation is not universal, and several experimental studies have highlighted the inconsistencies between water droplet adhesion and water contact angle. For instance, strong droplet adhesion may appear on texture surfaces with large ͑superhydrophobic͒ contact angles, whereas flat surfaces with relatively low contact angles may exhibit low droplet adhesion ͓24͔. A number of early studies ͓5,24-26͔ have considered potential effects of microstructures' shape and edge sharpness in pinning the contact lines. Nonetheless, the unexpected sticky behavior of droplets on superhydrophobic surfaces is still under active debate.
Prediction of droplet behaviors such as roll-off and sliding on surfaces is significantly relevant for the development of self-cleaning and anticontamination surfaces. Early studies have shown that interfacial adhesion has a profound effect on the hydrophobic properties of solid surfaces, such as droplet roll off and sliding kinetics on tilted surfaces ͓12,27͔. The present work investigates the thermodynamic work of adhesion between liquid droplets and rough surfaces. Thermodynamic work of adhesion ͑simply referred to as adhesion in this study͒ is a measure of the bonding energy between liquid droplets and solid surfaces. Using first principle thermodynamic considerations, we theoretically investigate adhesion changes with equilibrium contact angle ͑surface chemistry͒ and surface roughness. The study is of particular importance for the design of textured superhydrophobic surfaces with low adhesion.
II. THEORETICAL ANALYSIS
For a liquid drop sitting on a flat solid surface at thermodynamic equilibrium, there exists a balance of three interfacial tensions at contact line, as expressed by Young' equation ͓28͔,
SV , , and SL are the interfacial tensions for solid and vapor, liquid and vapor, and solid and liquid, respectively. The equilibrium contact angle e can significantly change if the solid surface is not flat. Figure 1 shows a liquid droplet on a rough surface at equilibrium. The base area of the sessile droplet is not in full contact with the solid surface and is composed of fractions of solid-liquid and liquid-vapor interfaces. Within projected area, there is a wetted fraction f, and a nonwetted fraction 1-f. Roughness ratio, denoted by r, is defined as the ratio of actual wetted area to the projected wetted area. Therefore, r only enters through the surface part that is wetted, and is only related to the wetted fraction f. In other words, r changes with f depending on the surface topography and wetting condition.
The droplet radius is assumed to be large with respect to the dimensions of the roughness structures. Hence, the liquid-vapor meniscus hidden between the droplet and solid surface is assumed to be flat ͓see Fig. 1͑a͔͒ . For the droplet and solid surface at equilibrium as shown in Fig. 1͑b͒ , we propose a balance between surface tensions expressed as
where A is apparent contact angle. The physical meaning behind Eq. ͑2͒ is similar to Young's equation, which expresses a simple force balance at contact line. A complete description of the surface tension balance needs one more term on each side of Eq. ͑2͒, which should contain SV for the vapor entrapped in the valleys. Being identical, the two terms cancel out and do not appear in the above equation. In Appendix, we also derived Eq. ͑2͒ from minimal surface energy consideration, which verifies the above analysis of surface tension balance. Combining Eqs. ͑1͒ and ͑2͒ gives cos A = fr cos e + f − 1. ͑3͒
If roughness ratio r = 1, Eq. ͑3͒ becomes the Cassie-Baxter equation ͓29,30͔. If wetting fraction f = 1, Eq. ͑3͒ reduces to the Wenzel equation ͓31͔. From Eq. ͑3͒, it is easy to prove that A increases with decreasing f. Additionally, for e Ͻ 90°, A decreases with increasing r, while for e Ͼ 90°, A increases with increasing r. Hence, roughness reduces contact angles on hydrophilic surfaces and augments contact angles on hydrophobic surfaces.
For a sessile droplet with apparent contact angle A , the nominal base area A A can be expressed by ͓32͔
Here A A is a nondimensional magnitude, which has been normalized by the surface area of the droplet in a free noncontact spherical shape. As shown in Fig. 1 ͓4 − 2͑fr cos e + f − 1͒͑fr cos e + f͔͒ 2/3 rf . ͑6͒
The change in free energy associated with adhesion between droplet and solid surface is given by Dupré equation ͓33͔,
where e is referred to as work of adhesion per unit area. Combining Eqs. ͑1͒ and ͑7͒, we obtain the nondimensional work of adhesion as a function of equilibrium contact angle ͓34͔
where = e / . Adhesion between droplet and solid surface can be expressed by
Due to the normalization schemes of A and , E is also in a nondimensional form ͑normalized by the surface energy of the spherical free droplet͒. Substituting Eqs. ͑6͒ and ͑8͒ into Eq. ͑9͒ gives E = ͑fr cos e + f͒͑2 − fr cos e − f͒ 1/3 ͓4 − 2͑fr cos e + f − 1͒͑fr cos e + f͔͒ 2/3 rf͑1 + cos e ͒.
͑10͒
Equation ͑10͒ is plotted in Fig. 2 . Figure 2͑a͒ shows that adhesion increases with wetted fraction for constant roughness ratio, which is due to the increase of solid-liquid contact area. In Fig. 2͑b͒ , for constant wetted fraction, adhesion changes with roughness in varied trends depending on equilibrium contact angle. For examples, when e = 100°, adhesion first increases at low roughness ratios and then decreases at high roughness ratios. Meanwhile for e = 130°, adhesion monotonically decreases with increasing roughness ratio. Finally, for e = 60°, adhesion increases with increasing roughness. To analyze these different trends, the partial derivative of E with respect to r is investigated. It should be noted that wetted fraction f will be kept constant during the following analysis.
To simplify Eq. ͑10͒, we define two new parameters Y and X given by Fig. 3 . One can see that ‫ץ‬Y / ‫ץ‬X can be negative and positive depending on X. It is interesting to notice that for any value of f, ‫ץ‬Y / ‫ץ‬X = 0 only occurs within a very small range of X. To determine this range, the numerator on the right side of Eq. ͑14͒ is set equal to zero
The solution of Eq. ͑16͒ is plotted in Fig. 4 to illustrate the variation of X as a function of wetted fraction f. Figure 4 shows that the range of X for ‫ץ‬Y / ‫ץ‬X = 0 is 0.47Յ X Յ 0.50.
For X larger than 0.50, ‫ץ‬Y / ‫ץ‬X Ͼ 0, while for X smaller than 0.47, ‫ץ‬Y / ‫ץ‬X Ͻ 0 ͑refer to Fig. 3͒ . The full range of X in Eq. ͑12͒ is 0 Յ X Յ 2 for smooth surfaces ͑r =1͒, which is significantly larger than the range identified here. Thus, the solution to Eq. ͑16͒ can be approximated as
Combining Eqs. ͑12͒ and ͑17͒ gives the solution for ‫ץ‬E / ‫ץ‬r = 0, which is r cos e Ϸ − 0.5 ͑18͒
Relating Eq. ͑18͒ to Eq. ͑15͒, it is clear that ‫ץ‬E / ‫ץ‬r Ͼ 0 for r cos e Ͼ −0.5, while ‫ץ‬E / ‫ץ‬r Ͻ 0 for r cos e Ͻ −0.5. Although ‫ץ‬E / ‫ץ‬r is the change of E with respect to r with f held constant, it is interesting to notice that Eq. ͑18͒ is independent of f. Since −1 Յ cos A Յ 1, we consider two extreme wetting conditions, complete wetting and complete nonwetting. 
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Equations ͑18͒-͑20͒ provide relations between roughness ratio r and equilibrium contact angle e based on extreme wetting conditions and adhesion change with roughness ratio. Plotted in a domain defined by r and e as shown in Fig.  5 , the three relations become demarcation lines between different regions. Equation ͑19͒ is plotted as line L1, and its location depends on the value of f. Line L2 corresponds to Eq. ͑18͒, while line L3 represents Eq. ͑20͒. Four regions are identified in Fig. 5 . To the left side of L1 is region I, where water droplet completely spreads ͑i.e., A =0°͒. Theoretically, when increasing roughness ratio in region I, the apparent contact angle remains zero, but adhesion still increases, i.e., ‫ץ‬E / ‫ץ‬r Ͼ 0. In region II, which resides between L1 and L2 lines, adhesion increases with increasing roughness ratio, i.e., ‫ץ‬E / ‫ץ‬r Ͼ 0. Region III lies between L2 and L3 lines, where adhesion decreases with increasing roughness ratio, i.e., ‫ץ‬E / ‫ץ‬r Ͻ 0. The location of line L2 varies slightly if we consider the actual range −0.53Յ r cos e Յ −0.50, which comes from the solution of Eq. ͑16͒. This justifies the approximation made in Eq. ͑18͒, which is independent of f. Finally, in region IV, apparent contact angle A = 180°and adhesion E =0.
Line L2 in Fig. 5 is located to the right side of e = 90°. This implies that, for a constant wetted fraction f, increasing the roughness ratio of hydrophobic surfaces ͑ e Ͼ 90°͒ does not necessarily always reduce adhesion. Applying low roughness ratios ͑r close to 1͒ can reduce adhesion only when the surface material is highly hydrophobic ͑ e Ͼ 120°͒. To reduce adhesion for low to moderately hydrophobic materials ͑90°Ͻ e Ͻ 120°͒, higher roughness ratios are needed. In reality, all the existing hydrophobic materials are limited by the maximum equilibrium contact angle equal to 120°. Therefore, highly rough surfaces are needed for adhesion reduction. This result is consistent with the excellent water-repellent properties of hierarchically textured natural surfaces with large apparent contact angles. To explain binary-level rough surfaces, e in Fig. 5 should be replaced with apparent contact angle of the liquid on the fine level roughness, while r is the roughness ratio of the coarse level. If the apparent contact angle on the fine level roughness is larger than 120°, adding a coarse level roughness will further reduce adhesion energy. Therefore, the benefit of multiscale roughness structures is manifested in region III.
It should be noted that the analysis above has only considered the partial derivative of adhesion with respect to roughness ratio ‫ץ‬E / ‫ץ‬r, for which wetted fraction f is assumed to remain unchanged. However, in real situations, it is difficult to independently vary roughness and wetted fraction. When changing roughness, the local meniscus ͓vapor-liquid interface between the droplet and solid surface in Fig.  1͑a͔͒ needs to adjust its location in order to maintain both local capillary pressure and local contact angle constant, thereby causing wetted fraction to change simultaneously. For a given surface material with an equilibrium contact angle e , the total derivative of E with respect to r is expressed as
To design a rough surface with low adhesion properties, it is required that dE / dr Ͻ 0. The above analysis has shown that ‫ץ‬E / ‫ץ‬f Ͼ 0 ͓see Fig. 2͑a͔͒ and identified the region for ‫ץ‬E / ‫ץ‬r Ͻ 0 ͑see Fig. 5͒ . Thus, in order to make textured surfaces with low adhesion, in addition to having ‫ץ‬E / ‫ץ‬r Ͻ 0, it is beneficial to have df / dr Ͻ 0. ‫ץ‬E / ‫ץ‬r Ͻ 0 can be achieved by employing highly hydrophobic materials or by designing hierarchical structures with increased roughness. To achieve df / dr Ͻ 0, effort should be put on the geometry design of microstructures. In summary, to reduce droplet adhesion to textured surfaces, a high roughness ratio is required for lowhydrophobicity materials. Lower values of roughness can be tolerated for materials with higher levels of hydrophobicity. Additionally, the geometry of microstructures should be designed such that wetted fraction decreases with increasing roughness ratio.
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APPENDIX
Equation ͑2͒ is obtained from a simple analysis of surface tension balance as shown in Fig. 1͑b͒ . Analysis here will validate Eq. ͑2͒ from the perspective of minimal surface energy.
We consider a closed system composed of solid surface, droplet and surrounding vapor. Three nominal surface areas are introduced, as shown in Fig. 6͑a͒ . Considering the sessile droplet as a spherical cap, U denotes its base area, while V represents the spherical area. The total projected area of the solid surface is denoted by W. Figure 6͑b͒ shows a droplet on FIG. 5 . The r-e map shows the distributions of ‫ץ‬E / ‫ץ‬r and A . In regions I ͑complete wetting A =0°͒ and II, ‫ץ‬E / ‫ץ‬r Ͼ 0. The location of L1 is dependent on the value of f. L2 separates the regions where ‫ץ‬E / ‫ץ‬r Ͼ 0 ͑regions I and II͒ and ‫ץ‬E / ‫ץ‬r Ͻ 0 ͑region III͒, and its location is independent of f. In region IV, it is complete nonwetting with zero adhesion. a rough surface. Within the solid surface underneath the droplet, part of the surface is wetted ͑liquid-solid͒, and the rest is nonwetted ͑solid-vapor͒. Projecting the covered surface to a flat profile, the fraction that is wetted is f, and roughness ratio for the wetted portion is r. For the nonwetted fraction that is 1-f, the roughness ratio is ␥. Surface energy of the system can break down into five parts as shown in Fig.  6͑b͒ . The total surface energy of the closed system can be expressed by
Its derivative with respect to nominal base area, U, is
ͬ . ͑A7͒ Figure 7 shows the changes of nominal areas U and V as a result of infinitesimal displacement of triple contact line. The following relation can be obtained from Fig. 7 , dV dU = cos A . ͑A8͒
At equilibrium, the system should have minimal total surface energy. Hence, we equate Eq. ͑A7͒ to zero, which is
Substituting Eq. ͑A8͒ into Eq. ͑A7͒ and then inserting Eq. ͑A7͒ into Eq. ͑A9͒, we obtain fr SV = cos A + fr SL + ͑1 − f͒ ͑A10͒
which is identical to Eq. ͑2͒.
